The concentrations of primordial radionuclides ( 226 Ra, 232 Th and 40 K) in commonly used building materials (brick, cement and sand), the raw materials of cement and the by-products of coal-fired power plants (fly ash) collected from various manufacturers and suppliers in Bangladesh were determined via gamma-ray spectrometry using an HPGe detector. The results showed that the mean concentrations of , respectively. The activity concentrations (especially 226 Ra) of fly-ash-containing cement in this study were found to be higher than those of fly-ash-free cement. To evaluate the potential radiological risk to individuals associated with these building materials, various radiological hazard indicators were calculated. The radium equivalent activity values for all samples were found to be lower than the recommended limit for building materials of 370 Bq kg -1 , with the exception of the fly ash. For most samples, the values of the alpha index and the radiological hazard (external and internal) indices were found to be within the safe limit of 1. The mean indoor absorbed dose rate was observed to be higher than the population-weighted world average of 84 nGy h -1 , and the corresponding annual effective dose for most samples fell below the recommended upper dose limit of 1 mSv y -1
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Ra) of fly-ash-containing cement in this study were found to be higher than those of fly-ash-free cement. To evaluate the potential radiological risk to individuals associated with these building materials, various radiological hazard indicators were calculated. The radium equivalent activity values for all samples were found to be lower than the recommended limit for building materials of 370 Bq kg -1 , with the exception of the fly ash. For most samples, the values of the alpha index and the radiological hazard (external and internal) indices were found to be within the safe limit of 1. The mean indoor absorbed dose rate was observed to be higher than the population-weighted world average of 84 nGy h -1 , and the corresponding annual effective dose for most samples fell below the recommended upper dose limit of 1 mSv y
. For all investigated materials, the values of the gamma index were found to be greater than 0.5 but less than 1, indicating that the gamma dose contribution from the studied building materials exceeds the exemption dose criterion of 0.3 mSv y -1 but complies with the upper dose principle of 1 mSv y −1
.
Introduction
Primordial radionuclides are always present in the environment throughout the world in various isotopic forms, and human beings are constantly exposed to natural sources of ionizing radiation. The natural decay series radionuclides ( 238 U, 232 Th and 235 U) represent the most significant sources of ionizing radiation on Earth, contributing approximately 83% to the total effective dose received by the global population [1, 2] . The radioactive isotope 40 K contributes approximately 16% of the annual effective dose experienced by individual members of the global populace due to ionizing radiation [1, 2, 3] . These naturally occurring radionuclides and their associated progenies are the radionuclides that are most commonly found in building materials, and exposure dose result predominantly from these radionuclides [4] . The continuous exposure of human organs to the energetic and particulate forms of radiation released from construction media via the decay chains of 238 U and 232 Th in conjunction with 40 K can cause radiation damage as well as biochemical changes [5] . Similar to other environmental media, building materials with high activity concentrations may increase both indoor and outdoor radiation exposure as well as the internal and external exposure of inhabitants [6] [7] [8] . Gamma rays emitted from the uranium and thorium decay series and from 40 K are the primary sources of whole-body external radiation exposure in buildings, whereas internal radiation exposure, with potential effects on the respiratory area, typically results from inhaling radon and its progeny, which emit alpha particles that are exhaled from building materials into the indoor atmosphere [4, [8] [9] [10] [11] [12] . The construction materials used in a home can result in long-term whole-body exposure of the occupants to natural radiation related to 226 Ra and
232
Th and their decay products as well as 40 K, as most people spending approximately 80% of their lifetimes surrounded by building materials at home and/ or at the office [7, 8, 10, 13] . The radiological risk to inhabitants may be significant if the materials used for building construction contain elevated levels of radioactivity. Recently, fly ash (FA), a by-product of coal-fired thermal electric power plants, has become an issue of considerable global interest because of its various applications in the production process for building materials and its substantial economic and environmental value [14] . FA is a technologically important material and is used in the manufacture of building materials and products such as cement, bricks, sheets, concrete, etc. [14, 15] . FA is used in construction work because it increases the strength of concrete, improves sulfate resistance, decreases permeability, reduces the necessary water ratio, and improves the pumpability and workability of the concrete [16] . Like other environmental materials, coal contains natural radionuclides of potassium, thorium and uranium in such trace amounts that they do not create a severe problem in the environment. However, during coal combustion, the majority of the uranium and thorium and their progenies are liberated from the original coal matrix and tend to become enriched in the ashes [15, 17] . After burn-up, most of the radioactive elements are concentrated in the FA, at up to 10 times their original levels [15, 17] . In Bangladesh, 3-4% FA is used for cement production. The radioactivity of building materials and indoor dose rates may be enhanced when industrial by-products such as FA are used in the production process [2, [18] [19] [20] . Thus, the characterization and quantification of the natural radioactivity contents of FA and building materials that contain FA are essential for the subsequent estimation of the associated environmental and health hazards.
Radon and its progeny, which emit alpha particles, are the most significant radionuclides that diffuse from building materials into the indoor environments. The radionuclide 226 Ra, with a half-life of 1600 years, is a source of the radioactive inert gas radon ( 222 Rn), which emits alpha and beta particles, followed by gamma radiation. Thus, the concentration of elevated levels of radon gas and its daughters can lead to functional changes in respiratory organs and may cause lung cancer [6, 21, 22] .
As a result of the adverse health effects caused by environmental radiation originating from building materials and the growing social concern regarding this issue, a remarkable number of investigative groups are engaged in the measurement of NORMs (naturally occurring radioactive materials) in such materials at both the national and global levels [4] [5] [6] [7] [8] [9] [10] [11] [12] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Moreover, various international organizations are engaged in efforts regarding this matter [2, 3, [37] [38] [39] [40] [41] [42] [43] .
In the present work, radiation characterization was performed for a range of commonly used building materials collected from various suppliers in and around Dhaka city to assess the possible radiological risks to human health due to the use of such materials for building construction. The resulting data serve as a beneficial addition to the pool of already established databases. Such studies can be used to promote the establishment of national standards for the use and management of building materials in light of global recommendations. In addition, the results regarding the measured activity concentrations were compared with the findings from other local studies and from other countries of the world.
Materials and Methods
No specific permissions were required for this study (locations/activities) because the studied building materials were collected from various manufacturers and suppliers and we do not mention the manufacturers' names in the manuscript.
Selection and sampling of building materials

Dhaka (latitude 3°20
0 N, longitude 101°30 0 E), the capital of Bangladesh, was selected as the sampling location. Dhaka is one of the most densely populated cities in the world, and the construction industry functions accordingly. The seven most popular brands of locally produced Portland cement were chosen, and at least three samples of each brand were collected from the corresponding dealers. Surface clay brick samples were collected from seven coal-fired brick fields located around the city of Dhaka. Three brick block samples were acquired from each brick field. Raw materials for cement (clinker and gypsum) and the by-products of coal-fired power plants, FA (used as an additive in cement), were imported from abroad and were collected from a cement factory. Sands (red and white) were sampled from housing and other building construction sites and from suppliers in and around Dhaka. Approximately 2-3 kg of each sample from every category of building materials was sampled and transported to the laboratory sample processing room for subsequent investigation. A total of 67 samples of various types of building construction materials were collected.
Sample pretreatment and analysis for radioactivity measurements
The collected building materials were crushed into small pieces when necessary and dried in an oven at 110°C for 24 hours to remove the moisture from the samples. The items were then ground into fine powder and homogenized by filtering them through a 1-mm sieve. The cement and FA samples were also dried in a hot air oven at 60°C and were sieved to homogenize them. Approximately 400-500 g of each sample was sealed into a Marinelli beaker and stored for a period of 4-5 weeks (more than 7 times the half-lives of 222 Rn and 224 Ra) at room temperature to allow secular equilibrium between 226 Ra and its progeny species to be achieved prior to gamma spectroscopy [44] .
The activity concentrations of 226 Eu gamma-ray-emitting reference source. Energy calibration of the detector was performed using a standard multi-nuclide gamma reference source obtained from the IAEA, and an efficiency calibration was also obtained. The efficiency curves were corrected for the attenuation and self-absorption effects of the emitted gamma photons. For the activity measurements, the samples were counted for a sufficiently long time (86,000 s), and the background counts for the same counting time were subtracted to obtain the net count. The activity concentrations of the radionuclides were obtained using Eq (1), which has been reported elsewhere [5, 45] :
where A is the specific activity in Bq kg -1 , N is the net number of counts in the resulting photopeak, ε γ is the efficiency of the HPGe detector at the corresponding gamma-ray energy, ρ γ is the intensity at the corresponding gamma-ray energy, T s is the sample counting time in seconds and M s is the weight of the sample in grams.
The gamma-ray spectra of the sample were analyzed to identify and characterize the photopeaks of the 226 Th to reduce the uncertainty of the derived values [6, 44, 46] . The minimum detectable activity concentration (MDAC) of the gamma-ray measurement system was calculated using Eq (2) [5, 9] :
where the statistical coverage factor K α is equal to 1.64 (at the 95% confidence level), B is the number of background counts in the region of interest for a certain radionuclide, ε γ is the efficiency of the HPGe detector at the corresponding gamma-ray energy, ρ γ is the gamma-ray emission probability, T s is the counting time and M s is the dry weight of the sample (kg). The MDACs for the radionuclides of interest were calculated to be 0. 
where ΔA is the uncertainty of the sample measurement and ΔN, Δε γ , Δρ γ , Δm s and ΔT s are the uncertainties of the count rate, efficiency, gamma-ray emission probability, sample weight and counting time, respectively.
Estimation of radiation hazard indicators
To assess the excess gamma radiation originating from building materials, several hazard indices have been suggested by a number of investigators; these measures include the absorbed gamma dose rate in the indoor environment and the corresponding annual effective dose, the radium equivalent activity, the external and internal hazard indices, the alpha index (internal index) and the gamma activity concentration (gamma index) [4-6, 9, 10, 14, 15, 22, 32, 47] . In the present study, the aforementioned hazard indicators were estimated for individuals living in domestic dwellings and for individuals at the workplace to evaluate the potential radiation risks arising from the use of the studied building materials.
Assessment of the radium equivalent activity (Ra eq ) to be uniform in the studied building materials. A non-uniform distribution of radioactivity in materials containing Ra, Th and K can be modeled using a general index Ra eq (radium equivalent activity) that represents both the total activity of and the radiological risk caused by the building materials [4, 6, 10] . In the present study, Ra eq was computed using Eq (4), which has also been applied by other researchers [4-6, 10, 14, 18, 21, 26, 27] : 
Absorbed dose rate and annual effective dose
The external absorbed dose rate D (nGy h -1 ) delivered by the radionuclides under investigation to the general public in the outdoor air was calculated using Eq (5), which has been presented by a number of researchers [4, 5, 27, 28] : . Indoor exposure to gamma rays is naturally higher than outdoor exposure because predominantly earth-originating materials are used in building construction. When the duration of occupancy is taken into account, indoor exposure becomes more significant. Because the investigated materials (e.g., brick, cement and sand) are extensively used as construction materials in homes, it is important to evaluate their effects on indoor exposure. Considering that the indoor dose contribution is 1.4 times higher than the outdoor dose contribution, the gamma dose D in (nGy h -1 ) in the indoor environment that is delivered by radionuclides (gamma discharge from 226 Ra,
232
Th and 40 K) in the investigated structural construction materials was assessed using Eq (6) [40, 48] :
The corresponding annual effective dose, E in (mSv y -1
), was evaluated using a value of 0.7 SvGy -1 [40] for the conversion factor from the absorbed dose in air to the effective dose received by an adult and a value of 0.8 for the indoor occupancy factor to represent the fact that worldwide, people spend an average of approximately 80% of their time indoors [6] [7] [8] [9] [10] 13] . Thus, the annual effective dose (mSv y ) received by a building occupant due to the activity in the building materials was estimated using Eq (7) [4, 6, [8] [9] [10] 21] :
Gamma activity concentration index or gamma index (Iγ)
To limit the excess gamma radiation originating from building materials, an index, i.e., the gamma index (external index), is defined for use as a screening tool for categorizing materials used in construction [6, 9, 10] . For a typical building material, this gamma index can be estimated using Eq (8), as recommended by the European Commission [37] : 
Alpha index (internal index, Iα)
Excess alpha radiation caused by the inhalation of radon liberated from building materials can be estimated using the alpha index (Iα), which has been applied by various researchers [5, 6, 9, 47] :
where A Ra is the activity concentration of the alpha emitter [6, 9, 42, 47] ; thus, the safe limit is defined by an alpha index of less than or equal to unity.
External (H ex ) and internal (H in ) hazard indices
The intent of applying these two health hazard indices, which are useful herein for the characterization of building materials, is to set a limiting value on the acceptable equivalent dose [41] as recommended in a report by the ICRP (1990) [10, 21] . To limit the radiation dose from a construction material to 1.5 mSv y −1
, the value of H ex must be less than unity [5, 7, 10, 21, 27, 28] . In the present study, H ex was calculated using Eq (10), as formulated by Beretka and Mathew (1985) [29] : Inhaled radon and its short-lived progeny also represent a risk to the respiratory organs. Internal exposure to radon and its progeny can be quantified using the index H in , which is estimated using Eq (11) [5, 27, 29] :
For the utilization of a building material to be considered safe, H in must be less than 1 [5, 10, 21] . Pb. However, majority of the emitted α and β particles cannot come out from the sample matrix to the outside environment due to their low penetration power. On the other hand, most of the γ-rays can easily penetrate the sample matrix and enter into the building atmosphere.
Significance of various hazard indices
Since γ-rays emitted from building material can easily travel long distances within the surrounding environment, human beings may continuously exposed by gamma radiation and adverse health effects may occurred via extended period of exposure. Thus, the representative gamma-index, absorbed dose rate and annual effective dose find great significance to understand the health hazards from gamma-radiation exposures. Furthermore, external hazard index (H ex ) is often used to characterize the building materials via set up a limiting value on the acceptable equivalent dose (or to limit the external γ-radiation dose), Generally, the distribution of 226 Ra, 232 Th and 40 K in environmental sample including construction materials are not uniform. In order to overcome the non-uniformity of the radionuclides, a common index called "radium equivalent activity (Ra eq )" is used to obtain the representing activity and also to assess the radiological hazard caused by the building materials. Moreover, some of our investigated materials such as fly-ash and cement can easily be inhaled by people and then the α and β emitters (sub-series headed by 226 Ra and 228 Ra) can easily be attached to the living cell of the respiratory organs, causes the cell damage as well as create cancer. For these seasons internal hazard index (H in ) and alpha index (I α ) are often used to characterized building materials [5, 6, 9, 10, 21, 27, 29, 47] .
Results and Discussion
The results obtained for the activity concentrations of 226 [5] . The variations in activity concentration among the building materials may be attributed to their radioactive mineral content and the geological, geochemical and geographical origins of the raw materials, among other factors [21] . The activity concentrations of thorium were observed to be greater than those of uranium/radium, consistent with the fact that the abundance of thorium is approximately 1.5 times higher than that of uranium in the earth's crust [49] . Moreover, Molla (1980) has reported that the thorium level throughout Bangladeshi soil is, in general, higher than that of uranium [50] . For all types of building material samples, with the exception of the white sand, the mean values of the 226 Ra, , respectively, as compiled in the UNSCEAR-1993 report [47, 51] . The mean concentrations of 226 Ra,
232
Th and 40 K in the clinker samples tested in the present study were found to be very similar to those observed in the cement samples because Portland cement is made by milling clinker with the simultaneous addition of only approximately 5% gypsum; therefore, the chemical composition of the clinker ''dictates" the radionuclide content in the cement [40] . Meanwhile, the concentrations of 226 Ra,
Th and 40 K determined in the present study for gypsum were, to some extent, higher than those in the studied cement samples. The activity concentrations of the FA were found to be significantly higher (117.8±6. trations in the building materials and the ingredients of cement. The obtained results are consistent with those available in the literature for cement and coal FA [40] . The ratio of the 226 Ra activity in the Portland cement to that in the coal FA in the present study was found to be 0.51; this is slightly higher than the ratios reported in the literature, which typically vary in the range between 0.24 and 0.40 [40, 52] . In the present study, FA was used (4-7%) in the production of the cement brands represented by samples CMB-1 and CMB-2 (Table 1) . It is clear that these two samples contained relatively higher radioactivity levels (especially 226 Ra) than did the samples of FA-free cement brands. Stoulos et al. (2003) [53] have shown that the use of FA in cement production increases the radioactivity of the cement (Table 2) . To keep the external doses below 1.5 mSv y -1 , the maximum values of radium equivalent activity (Ra eq ) would need to be less than 370 Bq kg -1 [6, 7, 10, 28, 38] . In the present study, the Ra eq values for all samples (with the exception of the FA) were found to be lower than the safe limit value of 370 Bq kg -1 suggested by the OECD (1979) [6, 10, 28, 38] .
The lowest indoor absorbed dose rate (arithmetic mean ± standard deviation) of 152.0±16.6 nGy h -1 was obtained for the white sand samples, followed by the cement (153.7±12.0 nGy h ). The mean indoor absorbed dose levels in the cement, brick and sand samples were found to fall within the typical worldwide range (20-200 nGy h -1 ) [9, 40] , although they were approximately two times higher than the quoted population-weighted average value of 84 nGy h -1 [9, 40] . Meanwhile, the annual effective dose values in the cement, brick, white sand and red sand samples were found to be 0.75±0.06, 0.83±0.08, Ra (21%). For a building material, the exemption dose criterion 0.3 mSv y −1 corresponds to the gamma index Iγ 0.5, whereas the dose criterion of 1 mSv y −1 is satisfied for Iγ 1 [9, 37] .
According to this dose criterion, materials with Iγ!1 should be avoided in building construction because these values correspond to dose rates higher than 1 mSv y −1 [37] . For all samples under study, it was found that Iγ>0.5 but Iγ 1, indicating that the gamma dose contributions from the studied building materials exceeded the exemption dose criterion of 0.3 mSv y −1 while remaining lower than the upper dose criterion of 1 mSv y
, with the exception of two brick samples, two red sand samples, and all gypsum and FA samples. The evaluated alpha index (Iα) values were well below the recommended upper level of 1 for internal exposure [5, 6, 9, 22, 47] . The 226 Ra activity concentrations in the investigated samples (Table 1) The estimated values of the external and internal hazard indices (Table 2 ) for all types of building material samples analyzed in this work (except FA) were found to be less than the recommended limit of 1 for the safe utilization of a material in the construction of dwellings [5, 10, 21, 48] .
In Table 3 , the mean values of the activity concentrations of 226 Ra, 232 Th and 40 K determined in the present study for the cement, brick and sand samples are compared with the corresponding literature values determined in other countries. Overall, the mean activity levels of the examined building material samples were comparable to and greater than those from other countries. The activity levels vary from one country to another, which can be attributed to differences in the contents of radioactive minerals and in the geological, geochemical and geographical origins of the raw materials, among other factors. This fact is important to consider in the section of suitable materials for use in building construction, especially those that exhibit large variations in their activities.
Conclusions
Materials that are locally produced and extensively used for the construction of buildings by Bangladeshi inhabitants were examined to assess their radioactivity levels. The mean activity concentrations of 232 Th and 40 K in the cement, brick and sand samples were considerably higher than the typical worldwide ranges, whereas the levels of 226 Ra in the same samples were found to be within the typical global range. The results show that the use of fly ash in cement production increases the radioactivity of the cement (especially 226 Ra). The radium equivalent activities of the various building materials were found range from 223.1±25.0 to 256.0±20.8 Bq kg -1 , well below the recommended safe limit of 370 Bq kg -1 . The absorbed dose rates in the indoor environment originating from the building materials were found to be higher than the quoted global average value, whereas the corresponding annual effective doses were lower than the upper dose limit of 1 mSv y -1 recommended by international organizations. The gamma dose contributions from the studied building materials exceeded the exemption dose criterion of 0.3 mSv y −1 but were lower than the upper dose criterion of 1 mSv y −1 . Moreover, the values of the alpha index and the radiological hazard (external and internal) indices were found to be within the safe limit of 1. The data reported herein can be regarded as base values for the distributions of natural series radionuclides in cement, brick and sand in the studied region and may be used as reference information for environmental radioactivity monitoring with the intent of minimizing population exposure to ensure a safer living environment. 
